Helicobacter pylori bacterium is characterized by its strong urease activity. Our studies on the role of H. pylori urease revealed; (i) it is essential for colonization, (ii) exogenous urea is required for acid resistance, (iii) the bacteria have the ability to move toward urea and sodium bicarbonate, 
Introduction
Helicobacter pylori is transmitted during early child hood and the infection in the stomach persists for many years without eradication. The bacteria reside mostly in the mucous layer, and only a few percent adhere to the surface epithelial cells. 1 The gastric mucous layer turns over rapidly, and strong acid in the stomach hampers the growth of most microorganisms that get into the stomach. How can H. pylori survive and persist in the mucous layer?
The gastric mucous layer has a multi-lamellar struc ture of alternate layers of two types of mucin, i. e., surface cell-produced MUC5AC mucin and gland cell produced MUC6 mucin,2 and H. pylori bacteria asso ciate mostly with the former mucin layer.2,3 The pH value of the adult stomach is 1 to 2 during fasting at night and 5 to 7 during daytime upon meal. The pH change in the lumen immediately reflects the pH of the mucous layer except at a narrow zone covering epithe lial cell surface that remains constant by secretion of either sodium bicarbonate or hydrochloric acid. 4 Role of Urease on Gastric Colonization H. pylori is characterized by its strong urease. It consists of UreA (29.5kD) and UreB (61kD) hetero dimer (UreA-UreB) that forms a hexameric protein with the molecular mass of 550kD. It has two Ni2+ ions attached to UreB to form the catalytic center. The pH profile of the enzyme activity shows that urease is most active at 7.5 to 8.5 but inactive below pH 4.5, and its Km value for urea is 0.17 to 0.48mM, which is lower than those from other species and 1/10 of the concen tration in normal serum.5 Urease is the most abundant protein in H. pylori reaching 6% of the soluble protein as determined by immunoblot. To address the role of urease we established a nude mouse model for H. pylori infection,6 and constructed a urease-knockout mutant by inserting Km cassette into the ureB gene. We dem onstrated that the mutant was not able to colonize the nude mouse stomach, probably because the mutant could not neutralize acid by the lack of urease.' In fact, the wild type strain, but not the mutant strain, survived at pH 2 in the presence of urea.' In the absence of urea, however, even the urease-positive strain could not sur vive, indicating that exogenous urea is required for acid resistance.
Chemotactic Motility of H. pylori
The next question to be asked is how H. pylori gets urea? Urea is synthesized in the lever, circularized, and excreted to the gastric mucous layer through tight junction between epithelial cells. Therefore, urea is available near the cell surface, and there must be a 
Regulation of Urease Activity
Urea is more abundant in the zone near the cell sur face than in the zone near the luminous side of the gel layer since it is supplied from the network capillary be neath the mucosa. If H. pylori urease is active in the former zone, overproduction of ammonia might be del eterious not only to the host cells but also to the bacte rium per se. Then the third question to be asked is whether and how urease activity is repressed on the cell surface, while activated in the zone of acidic mucous layer where the bacterium requires urease to protest against and escape from the attack of acid. There must be a regulatory mechanism at the level of transcription, translation, or post-translation.
According to the whole genome sequence, H. pylori genome has three genes for RNA polymerase 6 factors, RpoD, RpoN and FliA.12 Since the latter two in volve mainly in flagella biogenesis,13 most genes on the genome appear to be transcribed by RpoD-RNA poly merase. In addition, H. pylori genome has only seven putative regulatory genes for transcription, the number surprisingly small as compared to the genome of Cam pylobacter jejuni, a phylogenetically related bacterium with a similar size.14 It is plausible therefore, that the limited number of regulatory genes play roles in diverse functions at the level of transcription,15,16 and/or there are regulatory genes presently classified in the group of genes with functions unknown because of their unique sequences. It is also possible that gene expression is regulated at the level of post-transcription.
The urease operon consists of ureAB and ureIEFGH in the order (Fig. 1) .5 The ureA and ureB genes of the first operon are structural genes , whereas ureEFGH genes of the second operon are accessory genes to con struct active urease: i. e., the ureH gene product is to polymerize UreA-B to a hexameric form, ureG is to fix a carbonyl group to the lysine residue in the active center of UreB, and the ureE and ureF gene products work together to fix Ni2+ ion to the catalytic center that is the final step for urease activation .5 Among the genes in the urease operons, ureI is unique for the urease operon of H. pylori. The product UreI is an inner membrane protein with six transmembrane segments , and expression of ureI in Xenopus oocytes results in acid-stimulated urea uptake .17 The Urel-mediated transport is urea specific , passive, nonsaturable, non electrogenic, and temperature independent , indicating that UreI functions as a H+-gated urea channel . The Fig 1 A. Urease operons of H. pylrri and their primary transcripts19 ureAB and ureEFGH are structural genes and accessory genes, re spectively, for H. pylori urease, whereas ureI encodes H+-gated urea channel. The primary transcripts are ureAB, ureABIEFGH, and ure IEFGH. Putative cleavage sites in ureE and ureF are indicated. B. pH-regulated mRNA decay of urease. Both synthesis and decay of mRNA is slow at acidic pH, whereas these are rapid at neutral pH. C. Biosynthesis of active urease5. A heterodimer consisting of UreA and UreB is polymerized to form a hexameric apo-protein by the aid of UreH and then UreH fixes a carbonyl group to the lysine residue in the active center of UreB. UreE and UreF work together to fix Ni2+ ion to the active center to construct active urease. ureIEFGH promoter has a typical consensus sequence for RpoD, whereas the ureAB promoter is differ ent.18,19 The ureAB promoter is recognized by a hybrid RpoD carrying the promoter-recognition sequence of H. pylori RpoD in the E. coli RpoD 18 and is active in a rpoN-disrupted non-motile mutant of H. pylori,21 indi cating that ureAB is transcribed by RpoD-RNA poly merase.
To determine the regulation of urease gene expres sion, northern blot analysis was carried out,19 and the results are presented schematically in Fig. 1 . When H. pylori bacteria were cultivated at pH 7.2, a large amount of ureAB and ureABI transcripts were de tected, but ureIEFGH transcripts were hardly detected. Instead, various mRNA pieces corresponding to a part of the ureIEFGH operon such as urelE' (urel and a 5' part of ureE) and ure'FGH (a 3' part of ureF and ureGH) were detected together with unidentifiable transcripts as smears. A possibility that another tran scription starts within ureF was unlikely, because nei ther ureI-nor ureF-disrupted mutants produced down stream ureGH transcripts. When H. pylori bacteria were cultivated at pH 6, not only the amount but also the size of transcripts increased as compared to those incubated at pH 7.
Bacterial transcription is usually controlled at the level of initiation step. However, post-transcriptional regulation through mRNA decay has recently been proposed as an alternative mechanism.21,22 This type of regulation involves endoribonucleases, such as RNase E and RNase III, which cleave single-stranded RNA 23 and double-stranded RNA,24 respectively. RNase III of E. coli cleaves the primary transcripts of the rRNA operons, providing the immediate precursors to the mature species. RNase III also cleaves many other structural RNAs and mRNAs, including plasmid and bacteriophage-encoded transcripts. RNase III cleavage of mRNA can enhance translation or stimu late turnover with concomitant down-regulation of gene expression. 24 To determine the effect of pH on mRNA decay, the time course after pH shift was analyzed in the presence or absence of rifampicin. 19 In the presence of rifampi cin, transcripts of ureAB, urelE', and ure'FGH were detected even after 60 min at pH 5.5, whereas all tran scripts disappeared at 30min when incubated at pH 7. In the absence of rifampicin, the amount of transcripts after incubation for 60 min at pH 7 was comparable to that at pH 5.5, suggesting that active de novo synthesis and degradation of mRNA is occurring at pH 7. In ac cordance with the results of high and low turnover at pH 7 and pH 5.5, respectively, urease activity after in cubation at pH 5.5 for 4h was twice as much at pH 7, whereas the amount of urease protein at pH 5.5 was only a half of that at pH 7 as determined by immuno blot. In addition, bacteria at pH 5.5 were without growth, whereas bacteria replicated to become double at pH 7. These results suggest that urease activation is repressed at neutral pH, possibly because transcripts for accessory genes, ureE and ureF in particular, are limited. The amount of urease protein per bacterial numbers is also less at neutral pH, due either to degra dation of ureAB mRNA or degradation of UreAB apoprotein. It should be noted that the amount and the size of all transcripts were highest after incubation at pH 6 for 30min in the absence of rifampicin, and large amounts of ureAB, ureABIE', urelE', ure'FGH , and even ureABIEFGH transcripts were detected. Analysis of the 3' end of urelE' transcripts revealed a palin dromic sequence as a putative target site for RNase III cleavage. Similarly, a cleavage site might be present in the ureF region to produce ure'FGH transcripts, which awaits further analysis.
Based on these results I will propose a model of pH -dependent regulation of urease synthesis by mRNA decay (Fig. 1 ). There may be cutting sites of the mes sage in the genes ureE and ureF that is attacked possi bly by RNase III followed by digestion from 3' ends with an exonuclease. Some 3' ends have a palindromic structure that may be resistant against exonuclease di gestion. Since the UreE and UreF proteins act to in corporate Ni2+ ion at the catalytic center to accomplish 
